Anaerobic digestion is widely used as an important source of renewable energy. With the increasing number and capacity of biogas plants also, adequate treatment technologies for whole digestatethe residue from anaerobic digestionare gaining attention. In this study the state of the art of digestate processing is analysed, and currently used treatment schemes and the various technological processes involved are evaluated. The study combines data and experiences from existing large-scale digestate processing facilities in Austria, Germany, Switzerland and Italy, as well as know-how from technology providers and relevant research projects. However, the field of digestate processing is still quite new and little detailed information about the performance of different technologies at industrial scale is available. Digestate processing is gaining importance since digestate utilisation can become an important bottleneck when increasing biogas production.
INTRODUCTION
The promotion of renewable energy sources and the recognition of methane production via anaerobic digestion as an effective way to reduce greenhouse gases (Holm-Nielsen et al. ) according to the Kyoto protocol (UNFCCC ) have led to a strong support of biogas plants in many European countries (Weiland ; Mayer et al. ) . Thus, the number of biogas plants and also their capacity has increased significantly during the past decade. In particular, centralised plants are gaining more and more importance. The reasons for the implementation of such large-scale biogas plants are firstly the local production of high amounts of industrial wastes and by-products in the food and biofuel industry, and secondly large-scale energy-crop fermentations are being realised as highly efficient power plants with optimised substrate and energy management.
However, under such a scenario the appropriate treatment and processing of whole digestatethe residue from biogas plantshas become of increasing concern (Sánchez et al. ; Camarero et al. ; Møller et al. ; Karakashev et al. ) . The current most common utilisation of the fermentation residues is its direct application on agricultural areas, where it serves as a valuable fertiliser due to the high nutrient content. Farmland application of whole digestate is a well-known and proven technology. However, in order to protect groundwater resources the balance of nutrients in soil needs to be considered and the legal limits of maximum allowable nutrient loads have to be complied with. Particularly the high content of nitrogen compounds often represents a big hurdle, since the European Nitrate Directive 91/676/CEE (European Community ) limits the annual nitrogen loads which can be applied on agricultural fields. The increasing throughput and the usage of not regionally produced substrates represent a challenge for biogas plants, and the large agricultural areas required for application of the whole digestate often result in long transportation distances. To illustrate, the biggest biogas plants being constructed at the moment are of a size greater than 20 MW, where over 400,000 t/yr of whole digestate accumulate. For these reasons increasing focus is placed on adequate processing options for whole digestate. An assessment of these technologies is the focus of this study. In order to distinguish the different fractions in digestate processing the following terminology will be used in this paper: 'whole digestate' refers to the untreated residue obtained from a biogas plant, 'fibre/solids' refers to the solid fraction after solidliquid separation and 'liquor' refers to the liquid fraction.
MATERIAL AND METHODS
In this paper a short summary on the state of the art of digestate processing technologies is given; in Fuchs & Drosg () more details are available. The study combines data and experiences from existing large-scale digestate processing facilities in Austria, Germany, Switzerland and Italy, as well as know-how from technology providers and relevant research projects.
Accumulation and composition of whole digestate
Over 300 data sets from more than 50 different plants were evaluated to provide data about differences in digestate composition. Among these plants were: energy crop digestions, waste treatment plants, mainly manure-based agricultural plants and industrial plants treating industrial by-products/ wastes.
Classification of digestate processing approaches
The principal objectives of digestate processing are: (i) a reduction of volume to improve the manageability and to reduce transportation costs and (ii) the recovery of nutrients in concentrated form. Generally, the applied treatment concepts can be classified into two different approaches:
• Partial treatment: The partial treatment process aims at a quantity reduction or separation into individual fractions which can be handled or stored more easily.
• Complete purification: This approach intends to separate and concentrate the valuable ingredients while the remaining liquid fraction is purified, permitting reuse or direct discharge into a water body.
Assessment of digestate processing technologies
Visits to 13 biogas plants with sophisticated digestate processing facilities were carried out and extensive experience from our own research in the field of digestate processing was incorporated. The investigated technologies were the following:
• Mechanical processes of solid-liquid separation: screw press, decanter • Additional processes for nitrogen removal/recovery: ammonia stripping, biological processes, ion-exchange, struvite precipitation, extractive nitrogen elimination in membrane contactor processes.
For the assessment a detailed evaluation according to parameters like state of the art of the technology, costs, practicability, effectiveness of pre-treatment needed, operating reliability, dependency on surrounding conditions, product value, reduction in the amount of digestate and others were carried out.
RESULTS AND DISCUSSION

Composition of whole digestate
The composition of whole digestate is mainly influenced by the input materials. Predominant substrates are renewable raw materials (RRMs), biogenic waste (food waste, municipal organic waste, etc.) and agricultural/livestock by-products (manure). Other substrates are by-products from food industry (animal by-products from slaughter houses, brewers' spent grains, etc.) and residues from bioethanol or biodiesel production. Characteristic differences of the whole digestate deriving from the fermentation of RRMs in comparison to biogas plants treating organic waste or industrial by-products were identified and are shown in Figure 1 . It can be seen that nitrogen concentration in energy-crop digestion plants are quite similar, whereas in biogas plants which treat organic wastes the nitrogen concentration varies strongly. The reason for this is mostly the different nitrogen concentration in the corresponding substrates. In addition, the process design, e.g. the amount of fresh water and recirculation effluent in use, can influence the total nitrogen concentrations. In the monofermentation of industrial by-products the influence of nitrogen concentration in the substrate can be seen clearly.
Viable process combinations for digestate processing
Technology overview
According to the given goal the individual process steps have to be combined into an overall treatment concept. Since the digestate processing has only recently become the focus of interest, there is no standard procedure and instead a wide variety of treatment schemes exists. While some already are widely used, the potential of other technologies is not yet fully known. An overview of treatment schemes and technologies employed is provided in Figure 2 . It shows the combinations of treatment technologies which are possible.
Separation of the solids
Most frequently the first step is a mechanical solid-liquid separation by means of a screw press or a decanter centrifuge where a fibre/solids fraction is separated. Only in very few cases is the whole digestate processed without a prior solid-liquid separation step (e.g. solar drying of whole digestate). Typical ranges for the distribution of the main constituents between the fibre/solids and the liquor are provided in Figure 3 .
The separated fibre/solids can be applied directly for agricultural purposes, with the advantage of considerably lower transport costs due to the reduced water content. Another advantage is that the fibre/solids can be stored under much simpler conditions.
As an alternative to direct land application further stabilisation and transformation into a marketable product can be achieved through drying or composting. Typically the obtained end-products are used as a solid fertiliser. Another application, the production of pellets for heating purposes, is currently the subject of investigations. However, with regard to the high N content and the associated increased NO X emissions the suitability of the pellets for thermal recovery is not sufficiently clarified.
Treatment of the liquor (liquid fraction)
The major fraction deriving from the separation step is the liquor. Depending on the characteristics of the whole digestate and the efficiency of solids removal, its composition is subject to a large variation. Frequently, part of the liquor is recycled to adjust the dry matter concentration of the input substrates (Resch et al. ) . For the remaining liquor, there are a variety of recovery and treatment options. In the simplest case, it is spread on agricultural land. Here the advantage of solid-liquid separation can be an improved storage and residues management logistics. Nevertheless, in most cases further treatment with the aim of volume reduction and recovery of nutrients is applied. In most cases, these objectives will be achieved only through a sequence of several steps. As a general rule, the necessary procedures are relatively complex and therefore expensive. In Figure 4 an overview of the distribution of the applied technologies in the investigated industrial-scale facilities is given.
Digestate evaporation
In cases where sufficient waste heat from the combined heat and power (CHP) plant is available, the concentration of the liquor through evaporation is a well established treatment option. As the main stage of processing, a multi-stage vacuum evaporation is used. Typically a volume reduction of 50%, resulting in a correspondent reduction in transportation costs, is obtained. Based on general experience a thermal energy demand of about 300-350 kWh is needed per ton of water evaporated. Typical performance data of an evaporation process are provided in Table 1 .
Nitrogen removal
Another means to save transportation costs is to reduce the nitrogen content through stripping of ammonia, as most often the nitrogen amount is the limiting factor for land application. For stripping, the use of packed columns has turned out not to be successful. The most common problem is clogging of the column, and frequent cleaning is required involving considerable manual effort and the use of large quantities of chemicals. Promising results have been obtained with a stripping method performed in simple stirred tank reactors. A first large-scale facility using such a type of process principle is already in operation (Bauermeister et al. ) . To what extent the above-mentioned method can meet the targeted benefits will emerge from further practice.
Total purification
With regard to procedures aiming at the complete purification of the liquor, there is still a high need for further improvement. Biological processes are a rather unattractive option due to their significant operating expenses and high investment costs. A fundamental problem is that biological treatment does not meet the quality criteria for direct discharge. Thus, an additional treatment step is mandatory, which further increases the complexity of the process. The only practical option is the combined treatment in municipal wastewater treatment plants, especially if the extra load is comparatively low. Full purification of the liquor to obtain direct discharge quality is currently only achieved by means of membrane processes. In a typical configuration the solidliquid separation is followed by an additional solids removal step such as sieving or flotation. Subsequently ultrafiltration follows to remove all remaining particles and the colloidal dispersed fraction. The final step is reverse osmosis (RO). While membrane processes are capable of producing water of highest quality, it must not be overlooked that considerable quantities of sidestreams are generated. Only approximately 50% of the treated whole digestate is recovered as purified water. Therefore appropriate concepts for utilisation of these sidestreams play an important role for successful implementation. Usually the concentrate of the ultrafiltration is recycled to the fermenter whereas the concentrate of the RO can be marketed as a liquid fertiliser. Despite several reference plants, this process is not fully established yet. Especially regarding the high energy consumption (16-25 kWh per m 3 treated) and the stability of the membranes, there is still much room for improvement.
Case study: Energy crop digestion plant (2 MW)
Based upon the data collected in this investigation a case study of a biogas plant utilising energy crops is presented. For digestate evaporation the process and nutrient flows of the different digestate fractions were estimated. It has to be clearly stated that digestate evaporation should not be considered the most suitable process in general. However, it is a viable option in cases where waste heat is available. The best digestate processing approach depends very much on the local conditions of a biogas plant.
Set-up of the plant
As an example of the case studies an energy crop digestion plant with an installed capacity of 2 MW was assumed. The substrate mix and amount of fresh water and recirculation liquor are shown in Table 2 .
Digestate processing
For the case study of the energy crop digestion plant it was assumed that the plant is situated in a rural area where no direct use of the waste heat from the CHP plant is possible. This waste heat is used for the evaporation of the digestate liquor. It is concentrated and transport costs can be saved. The detailed digestate processing is shown in Figure 5 . First the whole digestate is separated in a solid-liquid separation step (screw press). The fibre/solids are applied directly to agricultural land as fertiliser. The liquor is partially reused as process liquid in the mashing of the substrates. The remaining liquor enters a vibration sieve for further solids removal. Then it is evaporated in a vacuum evaporator and the concentrated liquor is used as fertiliser in agriculture. The vapour is condensed in the process. Although the produced evaporation condensate contains very low nutrient loads, it still contains too high ammonia and chemical oxygen demand (COD) levels for direct discharge. Therefore, a final RO treatment is integrated into the process. The RO-concentrate is recirculated to the evaporation process and the RO-permeate can be discharged. An alternative to RO post-treatment could also be discharge to an aerobic wastewater treatment plant including a nitrification/denitrification step.
Process flows in digestate processing
Different fractions are produced throughout the digestate processing. In Figure 6 the process flows in digestate processing are shown in detail. The investigated substances are water, organics and ashes. The last two substances are enhanced by a factor of 5 in the figure for better visualisation. As can be seen a large amount of the organics (8.5 t/d) is accumulated in the separated fibre/solids fraction. The ashes, in contrast, remain to a higher extent in the liquor (liquid phase). More than half of the liquor (57%) is reused as process water in the mashing of the substrates in this scenario. The output in the presented process are 38.5 t/d of fibre/solids (25%), 59.0 t/d of condensed liquor (38%) and 58.9 t/d of vapour permeate (38%). So in the end only 38% of purified water is gained. Similar to other purification concepts a large amount of by-products are produced in digestate processing where utilisation concepts have to be established. In order to produce marketable biofertilisers the fibre/ solids could be further dried and pelleted. The condensed liquor could still be condensed further by evaporation. However, the viscosity will increase and could provoke difficulties in land application with standard application machines. In addition, the availability of waste heat has to be considered.
Nutrient flows in digestate processing
In Figure 7 the distribution of the main nutrients (organic nitrogen, ammonia nitrogen, phosphorous and potassium) in the different digestate fractions is shown. This can be of special interest when looking at interesting fractions for commercialisation as biofertilisers. On the other hand it can be shown which effluents are less loaded with nutrients for discharge purposes. Interesting to note is that phosphorous is concentrated in the fibre/solids fraction, and that the fibre/solids are responsible for 87% of the phosphorous output. This could be a possible starting point for specific concepts for phosphorous utilisation. Also nitrogen is slightly concentrated in the fibre/solids. Although the solids are only 25% of the total output in the process they carry 40% of the nitrogen load. The permeate is free of nutrients after RO treatment and meets discharge limits.
Overview on digestate processing costs
The study revealed that the successful and economically justified implementation of digestate processing is highly site specific. Depending on the local conditions, significant differences in the individual expenses as well as in savings, e.g. for reduced storage facilities or revenues from the marketing of the resulting products, are achieved. Even for the similar treatment concept, high variations in the total costs may occur. Nevertheless typical cost ranges for certain treatment schemes can be provided, which can be calculated versus the respective costs for digestate disposal. An overview of the breakeven for certain treatment schemes is provided in Figure 8 . Costs for digestate transportation and disposal are taken from a study investigating the economics of large-scale industrial biogas plants (Baernthaler et al. ) . Specific treatment costs include investments and operational costs as well as a small but realistic market value for the obtained products. It must be also kept in mind that several technologies only partially reduce the amount of digestate to be disposed. Therefore the specific costs refer to the actual amount of digestate saved by a certain processing scheme.
CONCLUSIONS
The motivation for the installation of a digestate processing plant is primarily driven by the need for an appropriate disposal of the residues if the required agricultural land is not available in the near vicinity of a biogas plant. Of lower importance are the products generated as they currently have only a low market value. The large number of different technological processes involved indicates that none of the currently used treatment schemes can be regarded as well-established state of the art. Thus the search for improved and more economic approaches is still in progress. It also reflects the fact that local requirements vary largely from plant to plant. Such site-specific conditions can make a digestate processing plant economically reasonable, despite the high effort and the associated costs.
Despite steadily rising costs for land application, at present conditions a digestate processing plant is economically viable only in a small number of cases. Mainly operators of large-scale biogas plants that use supra-regional substrates and produce large amounts of residues benefit from treatment options for the digestate. However, nowadays this type of plant is becoming increasingly important in the sector of biogas technology.
There is also a particular need for further development in the production of marketable products. The aim is to obtain a concentrate, highly enriched with nutrients, that can be used for the production of a standardised fertiliser meeting the relevant quality criteria. Currently these requirements are met best by the ammonia or ammonium-salt solution as it is obtained from the stripping processes. These solutions are available in a pure form and other applications are possible. For example, ammonia solutions have often been proposed for applications in flue gas denitrification.
In conclusion, in many cases direct land application is still the most economical treatment option. Nevertheless, due to regional nutrient surpluses, it is foreseeable that digestate processing will be of growing importance in the near future as an important alternative or supplement. In addition, the digestate processing cannot be described as an established procedure, but is in many ways still in its infancy. Even if some methods are beginning to emerge as a standard approach, the choice for the applied procedure depends to a large extent on local conditions.
